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Report M911502-6

laser Wcldin6 of Navy Shil] Construct!on Materials

2V experimental investigation was conducted of laser welding of Nlavy" ship
construction materials. Bead-on-plate penetrations were formed in 1/h-tn.-thick
nP'-130 steel, 1/16-in.-thick IIY-1So steel, 1/8- and 1/4-.in.-thick Ti-.6A1-[V titanium
alloy and in l/8-ir.-thick 5456 aluminwmn alloy. Continuous carbon-dioxide laser
power levels to 8 kW were used; welding speed was varied from 20 to 180 ipm in order
to establish a;pr'opriate welding parameters. The bead-on-plate penetrations were
inItially screened by visual, metallographic, NDT and mechanical tests and then for-
warded to NoSSC for more detailed evaluation.

Demonstration butt and lap weld specimens were formed at a CO laser power
level of 5.5 kW in the materials and thicknesses noted above. Weld parameters for
these welos were selected'on the basis of bead-on-plate evaluations and ranged from
50 irim in l/4-in.-thick material to 160 ipm in /l'6-in.-thiek material. Daanonstra-
tion weld specimens were inspected visuai)>, X-rayed and then forwardcd to INSSC for
filjal evaluatior. The finished vcuiples, which we~re 5 x 7 in. in si:e, exhibited
cacellent top and bottom surface bead characteristics and defect-free fusion vones.

"iTlis progrLam was undertaken noder the sponsorship, of the Natval Ship Systems
Ccsraiid under Contract MaC000h4-72-C-5585.
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INTRODUCTION

At the outuet of the exlperinental program described herein, carbon-dioxidc
lasers had been developed with continuous output power levels in tic multikilowatt
range (Rers. 1, C). Deep-penetration welding, similar to that achieved with elcc-
trone bowe equipment, had been demonstrated in a ntunber of representative materials

# (Refs. 3-0). Further, high-speed laser welding of thin gage matcrial]. with a
mininum of thermal energy input and distortion bad been demonstrated (Ref. 7 a aldl

inspection had shown that high-quality laser welds could be formed with excellent
nietallographic and mechanical properties.

The encouraging results note, above together ;with the versatility of the laser
indicated a promising potential for laser utili.-ation in shipyard welding. It was I
therefore proposed that laser welding experience be extended to include materials

of interest for shipbuilding. The proposed program received the support of the
Naval Ship Systems Command and was initially directed tcward generation of laser
welds in high yield strength steels. At NSSC request, the program was then broad-
ened to include titanium and aluminum alloys specified by the Navy for potential
use in the construction of high-speed surface vessels.

It was the objective of the pr gram described herein to establish appropriate
weld ~ fo t-'h-- c masteriJal. 4f 4-ten.- -,At ~rrate r-ntil vyol dc for

evaluation by the Navy. C.herall results of the prograr. were expected to provide
the basis for an init'.al evaluation of the potential of laser welding for ship
construction.

D(PERDENTAL APPARATUS AIND PROCFDUIRE,

Tests were conducted primarily with a C kW, coaxial laser system developed
under a Corporate-sponsored program at the United Aircraft Research Laboratories.
Dhi- system, shown in 1ig. 1 an:d similar to that described in Ref. 1, utilizes hi<gh
mass flov recircuLation of laser gases to efectivel renove waste heat and provide
elof 1e6 int high-,ower operation.

-I1ie ( kW, carbon-dioxiie laser system operates in a master-oscillator, power-
amplifier (MOPA) configuration. A Coherent Radiation Laboratories, Model #41, CGO

laser with a Gaussian output beam is utilized to drive the amplifier, which is
comprised of twelve discharge tubes arranged electrically in parallel and optically

in series. tth fidc•lýy apl) ificat-<n is achieved such that the Gaussian energy

~'1 1



di:'trib~ut ion of' the 100 watt Input 11emsl Is reproduced inl the 0 I'M nw".xt'nw' ouitput
beaiii. Thei high optical qualit~y provided by tiii sy:-teun ret:ults inl iuaxtauu locus--
nulility wl~d effective ut stoiof laser- power.

Limited testts were al::o conducted at the 3 LW level wi tli a ePr-'CU Ia,;er
developed Wider NoIse/Net Goutraet No. Ne'0921l-(0-C-02I 9. Thlis wnilt, des:crib~ed inl
Reo'. 2, andl sliawn" inl 1g.% 2, alsoc operatens in tile NICIA eo~nii'iuratioii andl utilizes(:- a
Combilla-tioI, o1' DC and Mii' power to provide stable opeCration ill a. single large *

channelil. In this unit the gas f'low and electric discharge are collinecar while the
laser cavity is transverse to the flow direction. This higher-power laser system
had be,,ci slated for more extensive utilization under the initial progran objective,
which was directed toward thicker miaterials; redirection of the proGram to materials
suitable for high-speed surface vessel fabrication, however, rendered primary use
of the lower-power system, more effective.

7T1( aU,1plified beaml was! focusned by a -pheri cal mirror positionedI to provide
do0wntajiad weldintug, asý shown in Fig. 3. 11e iaocusin,r mirror was,, fab~ricated of copper
which was pe2 U "od to provide- a refletance at 10.( mi~cronsý (the laseCrwaengh
greater thoui3% Water-cooling, of the copper Subst24rate was providled to prevenit

4 . -- I --C.r4- 4-.-- -,-,4t Cn ,nn- -a- n Ii~. I',c q~i 4n '

than (degýrees7 in, order to niiniriiize spherical aberration. A 3O-'iii.-fcCal-lengi-th
mirror was- used! with the C. kW system:; the effective f/lnumIber for an1 output beaml
d'almeter of P.C iii. was, ll.'). At 2O-in.-focal-lenGth mirror wasý used with the

l.7-in.-diameter beam- from the higher-power system so that i/.5focu-sing pre-
tamedc to this system also.

Gas Shielding

1'- 1-C al. C,4 ý' -u I -iaU~ a ~ w- ± U± ±L~ I L ~ ~ ±V±V U

atmsuhriccontamination during the welding7 process, provisions were mrade for
Liield~i-q: the welds; from the t-mcosphere. As may be nioted in Fig. 14, the gas shield
utilizes both a top surface trailer ti rough which the laser beam passes and a sub-
sulrface shield. Tn addition to prevrentingE weld contamination, the top surface
shield cervos to remove metal vapor ions from the( laser Lean. path andl thereby pIne-
vent op-tical b~reaLkdowni inl the retion above the workplece. W-ithocut such ninovision,
a plasma is formecd above the workpiece; this plasm~a absorbs most of' the beoni enezk-v

and prevents effective welding.

helium at a flow rate of thie order of 20 ciii was supplied to the beam trans-
mission region of the shield to provide maxdjmn suppression of plas-ma formation.
Arg~on, which is mnore effective for shielding, due to its higher imolecular weight,
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was supllied to the trailer and tlhe subsurface at flow rates of the order of 30 cu.

Visual, metallographhic and l11nited chemical alalJ'sis of tile fusion zones tndicated
that thc shiclding provisions were quite adequate for the weldintg conditions aind
:iatI1rJals used. curiier, eneri'y considerations showed that plassma forjiatioll had

becu sIuppressed and that cssenltially i0Oy bChwI energy transmission tc the workpiecc
had bccli effected.

Material

Swunple material for the weld tests was supplied by NSSC. The rmaterial included
1/2 -in.*-tl~ioh IIY-130 steel, 1/8- and 1/h-in.-thick Ti-CAl-4V titalium alloy,
l/l6-in.-thick MI-180 steel anid l/8-in.-thick 51s5( alauninuni alloy!. A listing of
these materials together with their e.ompcsition and properties if presented in
Ta".lc l.

Weld swaijie were cut to 3 1/2 x 6 in. in si:'c. heavy surfacc coatillns and
oxides wore machined off and one 0-in. edge was milled square for close butt weld

fitup. No filler material was used for any of the joints formed.

Test Procedure

t4l't)1i 1:j aloy sal] les were acid cleaned in a _, 1!NO- 3 , ID 1E. solution pi'ior
to welding Aluminur. alloy,, sam:ples werc scraped imnmcdiatclyv prior to weld Lug. All

wel sw',nles werc cleaned with acetone irrmediatet]' before joininýg.

Test sam•pes were placed in the welding fixture shown in .ig. 4 and aligned

vi it]: the bci. Laser spot welds were then mnade at the ends of the weld specimens

to ;,fevent Joint separation du[ring welding and to insure that the joint was properl$,

al.icile with the focused boen. Duo to the narrow fusion zone effccted at hich

weldinCg rpceds, alignment was carefully performed to insure good joint propertie:s.

F inished b~utt weld sampl~es were, trimmned t-n P-n-rnrinximatlv r, xV ormv h

laser spot welds at the ends, together with the on-off portions of the weld zone
which would normally be intercepted by run-off tabs. Steel and aluminum. specitmns
were delivered to NSSC in the "as-welded" cogidition. Titanium alloy specimens were
stress-relieved in vacaum for two hours at 1000 F to renove theral stresses induced
during the welding process. Post-weld stress relief is standard practice %_ýr
titanium alloys and appears essential to laser welds as well.

24
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bead-oni-plate puiticnatioiis wure initially formed inl the tesýt mnuteliials in
order to estab~lishi wel~d paraineters as well as to as--sess requiremenats fc'r COas
shlielding,. Sixty bead-on-p-late penetrations, generated &t power levels to b kW ,
we;re formned. F'ifty-six bead-on-plate penetrations, as noetcd in Table II, were fLu'-
warded to ESSO for evaluation which sernved as the basis for selection of butt void

paranaeters for domonstration welds.

Additienal bead-on-plate penetrations were termied for preliiminary evaluat en
at UAIL. Tyrpical are the bead-on-plate result! for 51456 aluminum alloy shownl :n
Fic. 5. It is noted from comparison of the cross sections shown that the widt' of

the fusion zone decreases as welding speed is increased at constant power lcve±.
Variations inl the shape of the fusion z-one are also to be noted in Fig,. 5. S u -1
varlationsr were less pronloulioed for aluminisiiii thani for the other test materials .

aywa entlv a resýult of itsý h~ighr thermalI diffusnivity.

iAiso eviaciut inl Fit-. 5 is the existence of suhstantial. porosity In the fi3
v:one. Inl aluinumiiii welds such porosity is most often due to the presence of, 1ýIi? -ogen
whic ci may s~tem from traces of water in tili weltl n'1,j fl)½ These rum' t__i .1

tojet her With somý.ewhatl similar experience with titaniumL andl to a lesrIce7Ž'et with
the ig-icisrntl tes indlicated3 that mnore stringent pre-weld eleani'.G

prucccax'res thanl thos7e us-ed in the initial tests, were required and that additiu.iaal
attention? to a-hedn provisions was neces;sary.

Weld Parameter Selection

ix-aluat oion of 1bead- oi i-plate cross sections at NSSO and UAIRL 1y muctallogn ~phic,
vi sual, - DT tirnii 1 imite3 iueehlin 5 eel I cfll; rr' plle, 1:nA Ii, ln elent ion, of the fc 4vn

conllIt fion f'or e~utt-weld fabrication. A laser power level of'5 kW was choLsen1 with
weldingr speueds of 5U ipmIT inl l/4-in. -thick mn-teria±L, 1.00 ipm in /-ia -hc
m~aterial, 1( 10 ipml inl l/l(-in.-thick material and 14'0 ipii for a burn-thin 2-.1la weld
in l I&-z.-tao material.* It is perhapls surprisingC that selected weldbing speeds
dlid r~ot x-ar~v with the nature of the material; this behavior, however, is felt to bec
coinlciden1tal anld shoul11d not bec construied as, a laser welding,, guidelinie.

Inl accordance with requliements for weld-samplo cleanline.ýs exceedlirg that
obtrAined inl the head-on--plate penetrations, all butt weld swamplesý were surface-
mauchined to remiove oxides and coatings. Inuniiediatel~y prior to welding,, titaniumi
alloy sp1,ecimens were further cleanied inl a solution of 201,o 11N0 3 , 4ý In' acid s5olutionj
alwninun;- alloy specimens were scraped and all saanp'.es were cleaned with acetone.
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It war foijuki that these added prcecutions, tocether it approp~riauu vulk.Ctjon of

c"U -1. byiL ]'zamacters , Jed to sub stant~ial iImj')Covemcids- J-11 weld rout c latIue
It was 1furthier i'owlid that p~ropeil:; prepared buitt-weld j1 fl~I cxlii hi bud fuii;on
-oiler essentially indistinguishable from lwad -o1 I'liatc yeptliCAatlull!s.

I>iclof th esut ofl' u~tt-weld preparation is that rupl'Lc!cnto(1 by the

ii-lflspcimen shownm in cruoss et i inl 11g. C. The weld crtss rctoi whlich
was- prejarcud at lýOid 1pm at 5, kW, Oxhilb its uiiusuatl features, viiicli are a di roct conJr-
sequenice of the unique characteristics of' the lasser wellding process. Put~ to the
deep-penetratton effect, the cnlerg' dep~osition inl thils thin maiter-ial was apprarenltly,

nearly uiiifonii throughocut the material depth. lateral beaLt conductioni into the
base -material occurs in the central portion of the material lead1r6 to a restric-
tion in the fused zone extent and a "dumboec~ll-shaped" fusicn zone. Tnis behavior
is attested by the columnar solidification grains, alone the 21ineLo of mrctxin~~ thermal
gradient exhibited in Fig. 6.

X-ra~y evalluation of the weld! soie, rs shLown ij. Jig. 7, IndjCa4 jd no c'll deuce

of ,0*! pooity. Tens~ile tests of portions, of the weld resýulted ini I tilure in ttue base

.. itterial well outside the fuision and, hoeat-aýffected zonesý (flig. 7 . it is to 1toC

noctedý, however, that the ultimate tensile streng~th rwesu-,rco inl thit~se tests was,
,ý.erlcwh;iat lower thal1 that aniticipated "'or IR-%matcla is.Thsrdcd tenh
was, apparently chiarac~eristic of the sp~ecific mauterial supylied 'for the pxogrun.

Finally,, it was- foiulid that the welds coutld readilv w~ithstanid t-uidcd fae2- antO root
U endsi to a radiusequvln to threetie theC :materi!:.!hckes

Demon strati on Weld Swiiplu 5

Flinal sampijle weld,, delivered to NJSSC for evaluat,(unj :ir IIIA Tbe 1
and~ sho-,aj in, Figs. 8-13. Figure 8 shows a butt weld ill l/`h-ln.-t1)izk hfy-130 s te el
fabricated at 50C 1pm at a laser power level of 50 1pmi. Tfie top. surfa~ce weld bead

presents a smooth shinyý appearance. An X-raý, of the weld zone, also shown, ix;
Fig. 5, shows that no porosity or defects exist in, the region.

Liiiited mechanical test-, of similar Iry-130 welds at Vtý_L QCoied a tensile
stenth inl the weld zone greater than that of the parenit material. Failure in, the

test specimens occurred wefl outside the fusion and heat-affected zoe.Guided
ro.ot and face Locnd tests to a radius equivalent to three ti-mes the! iiaucriel thick-
ness were s;uccessfully met by the weld soamples. A zwxplc weld also withstood
one -tbines -thicohnes s radius ungulided b~end test performed at NSSC. in this lat. V
case 11o evidence of failure was indicated inl spite of cxtreiae Stress conlcentration

at thle edge of the weld whichi occurred during 'lie test.

I hC
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The reznilts in Hf-*130 welds we.Le ofi Gaff icient in;ret o that more detailed
evailuation wa~s iuidertake!; under Corporate sponisorship-, at, re~ported in Ref. 8. lyi
theose trzts it was fc'ui2 that the Oharpy imapact Atrerkwtli of the weld material was,

* higher than thatr of the parent mý aterial, in scwic ca;nes by &is riuch as 50$.ý kn
initial conclusion that the increarsed ductility mig~ht be due to softenling 0of tIe
irateri'U during welding vtas obviated by hiardness measuremcents, wnich showed the
welId mate.rial to be harder than the base. Further study, of theý we)-d riaterial by
chemiical and scawImlng electron microscope analysis showe(I that. the ChgJIcontent

of theý rLtterial in the fusion zone had been significantly reduced (by as1 much as
5)during the laser wulding process and that the shlape of' the inclusions h-ad been

medifilea. With resp1-ect to the latter, the stringer-shaped incl~u-io.nS which were
oriented rrt~fe renti!a~ll inl the rollinig direction, were somewhat splieroidized during
veldii, '. The rel inement of' ]TY-130O steel during4, laser welding is assumed to have
Ibecli instrum(nta). in the nres ini weld material ductiliAty over that; of the
parent iiutterlital. *This is an extremely significant findingj which warrants furtherI
tdetailed a~r~cstigation as applied to metals with varying degt'.ees of impurities.

nyioSteel

Lapý anid butt w-eld specimens in HY-L&_ material are shown in Figs. 9 and 10.
The high weldIng epteds at which these wrelds were made, 16C ipn for the butt weld
in Fig. 9 and 1~40 tin for the lap weld in Fig. 10, resulted in a smoothji, d-efeCt-
free fusion zone, in addition to the X-ray informnationi s-ho',n irn F-igs., 9 and 2.0,
bend and tensile tests were performed on saxnpl-s ta':on from the trlsm'lak ends of the
de-monstration welds. It was found that the welds 'zeta stronger than the parent
miaterial in tension and that the welds could readily withstand a 3-times-thiicknaess
radius bend t~est. While chemical analys~is was not performed on hT-l80 specimens,
the t-st results indicate that atmocspheric contamination was e±37"ctive.1Z prevented
durinc th-: welding process.

Titaniun, alloy weld tspieetnens are shown in Figs;. 11. reid 12. Weld beads, in
this material' exhibited a. si jay metallic survftce without ant; traces of dis~colora-
t-ion. X-ray evaluation of theý weldr.s, 5.s. shown in Figs. 11 a-nd 12, al1so attested
the, soundCnerss of the welds. Slight trreces of wetal sptitter were noted on the lower
sin [aces of sonic welds, n ist.,ia].ly at lower weldingý speeds; this" ray iýe noted in
the: Y-rayý ilotog.raph shown in FPig. 11.

Ti taniiuni tni test spec~imenrs taken fromi the trilmied ends of the depionstra-
tioy jnIc failed at taoc edge of the welt ifusion z~one at. a stress level tipproxi-
matelc'~ equal to t'iuŽt of the ulJt~ha-te tensi The stren~gth of thie base material. It was
found that ase-w-elded specimens, &., expe-jcte, er quite brittle, but that stan.udard
stress relief for '2'hu at 1000 1' was sufficient; to elirninete this brittleness.
Aniother factor uhich was rioted war, the7 tendtency for undercutting tit the edge of the
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fu:'ion -on' in titaniium welds. Thisi tendency was r educud as pre-weld cleaning
proc diuo were made more stringcnt but bears further invcntigation relative to its
jctcntial effect on fatigue endur'ance.

t,)r( Aiumýizw. Al Lo

The aluninur, alloy demcnstration weld is shown in Fig. 13. The weld, formted
at a speed of 1i0 ipm, exhibits a smooth, clean, unlfonm appearance without evidence
of poroeity or defects. As in the case for titanium, some tendensy for lower
surface spatter was found.

Tensile test specimens obtained from the trinmed edges of the demonstration
al,,m:inum wells failed in the weld 7one at a stress level of 50,000 psi, essentially
equal to that of the ultimate tensile strength of the parent material. The weld
failhu-c eytended diagonally across the weld from the top corner of the fusion zone
to the o;l < re lower surface corter. The demionstration weld sar.,rle readil~y
pa-ssd a 3-tiler-thichnesc radius- Lmi7ed bend- test.

COINCLUSIOCNS AQD PECO1TLN!IDATIONM2

On the basis of the results of the expoerimental laser welding, progran.i do -2rilbed
heaein, it is concluded that direct laser butt-welding of the high-yield-strength

-teels, Ti-CAl-4V titanium alloy and 51i56 aluminum alloy in thicknesses suitable

for high-speed surface vessel fabrication is a highly feasible process. It is

further concluded that the laser welding process can provide welds with properties
eCOu'alent to, or better than, the material in which they are formed and can be

ernerated at high speed with a minimum of thermal energy input and distortion.
Y inall.y, it is concluded that relatively straightforward pre-weld cleaning tech-
nicues and gas-shielding provisions can effcotively eliminate atmospheric contamin-
ation ini weldl: formed in th•e sLubject materials.

lmirther exero.imental investigations are desirable to advance the state of the
art in this highly promising area; specifically, iU is recconnended that:

3. •hser welding tests be continued in high-yield-strength sLeels with
principal attention directed toward the process of weld metal refinement
duri.g the welding process. Dnphasis should be placed cn establishment of
condiltions for attainment of r.ixitum zone refinement and anticipated
niaxtaum, im-provement in weld zone strength and ductility.

L1.aser welding tests in titanium alloy be continued and expanded to include
alloys eother than Ti-CAI-LV. Specific attention should be directed toward

S!



phase transformations and grain growth during welding and their effects
on weld properties. Attempts should be made to reduce weld spatter and
to improve weld bead characteristics. Mechanical testing should be
extended to include fatigue endurance properties.

3. Laser welding tests in aluminum alloys should be continued and extended
to include important, heat-treatable alloys. With respect to the latter,
utilization of preplaced, or continuously-added, filler material and its
effect on weld properties should be investigated. Emphasis should be
placed on establishument of welding procedures for repeatable generation
of high-quality, nonporous welds.
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TABLE I

WELD MATERIAL aLRACTEPISTICS

5456 Aluminum

Designation: Alcoa lit No. 6(2521

Thickness: i/8 in.

Composition: Si & Fe: 0.4o max
Cu: 0.10 max
Mn: 1.0/1.15
Mg: 4.7/5.5

Cr: 0.05/0.2
Zn: 0.25 max
Ti: 0.20 max

Others: Each: 0.05 max
Total: 0.15 max

mcnvzrl1 CSnnremc1, /I .lV . L...tO -

Yield Strength: 42,8OO-4],900 pri

Elongation (2 in.) 10.0 - 9.0o,

HY-130 Steel

Designation: Ht No. 5P4755

Thickness: 1/4 in.

Composition: C: O.1i
Mn: O,80
P: 0.005
S.: 0.')7
Si: 0.30
Ni: 4.89
Cr: 0.52
Mo: o.49
V: 0.054
Ti: 0.002
Cu: 0.06

11



1M911502 -6

T.AB LE I
(cont'd)

2feat treatment: 1525°'' - L9 min
ii60i' - 39 ain

Tensile Strength: 150,800-150,800 Psi

Yield Strength: 144,500-142,900 psi

Elongation: 16.5% - 17.0%

Reducticn in Area: 63.2, - 55.0",

Titanium 6A2-4V

Designation:

Thickness: 1/8 in. and I/4 in.

Composition: Al: 5,500-6,750
V: 3 , 500-4 , 500
Fc: 0.30 m•x
C: 0. 10 mrx
N: 0.07 max
H : 0.015 max
0: 0.20 mnax

Other: 0.40 nax

Tensile Strength: 130,000 psi

Yield Strength: 120,000 psi

Elongation: 8.of

12
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TABLE I
(cont'd)

nY-180 Steel

Designation: lit. No. 3811304

Thickness: 1/16 in.

Composition: C: 0.18

Mn: 0.23
P: 0.010
S: 0.006
Si: 0.050
Cu: 0.15
Ei. 9.29

Cr: 0.80
Mo: 0.96
V: 0.09
Co: 4.55

Yield Strength: 183,600 psi

Elongation: lO•

Hirdness: Rc: 36

13



TVBLE II

LASEFH WELDING TEST IAAi'AMETERS'

Bead-on-Platc l'enctrations

Laser
Test No. Material Power (kW Sped ( Conment

"C0313-1 Iy-180 5 180
160

-3 " "140
-4 120
-5 MII-130 " 60 in"-onplete

penetration
-6 " It 50
-7 " " 40
-i 30 Nonwmiformi-o Ti-GA!-WV(IT)• 50

-ii if 70
-12 it 40

-13 Ti-OAi-4v(!) "o
-14 1 8100
-15 "I" 12'0

-17 5456 Al 1-40-18 It 2PO

-19 120 Change in shield

gas fl£r;

-20 120

C0314-1 5456 Al 120 Variation in
shielding

- 2 It , It It

-3 It T It It

-4 ii II 11 II

-5t1 TI It IT

-5

-6 11 It II II
-7 It It I

-8 " " 140
-9 5456-Al 5.7 180-I0 "f "it

-11 it if 140
-12 HY-180 3.5 100

114j



TABLE 
II

(contId)

Laser
Test No. Material P Spced (inm) Cormicnt

C03114-13 Iry-180 3.5 120 No shield gas
-lJ1 " " 120
-15 " it )40
-16 " " 160
-17 IrF-130 It

S-1{ I, It 30
-19 I,25

-20 20 Shield moved

C02.15-1 Ti-6Al.4V( 1 ) 3.5 80
-~8 80tTiA-2 I, 100

-8 25

C0316-1. h-Y-180 2.C 50
-2 60
-3 I, I, 40
"-4 I3 II 30

-5 Ti-6AI-V(J) 20 Deep penetration
"-6 25 "ode breakdown?
-8 40

C0525-1 nY-130 8.0 70 Aal penetration
-2 Ti-6Al-4V(j) 70

1 5456 Al 180180

-4 Ti-6Al-4V(7) 130 Good bead
characteristics

" Titanium alloy bead-on-plate specimens were stress-relieved at lO 0 F for
2 hours in air. Weld beads in the other materiuls are in the "as-welded"
condition.
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TABLE Ill

LASER WELDIYNG TEST PAAMETERS

Demonstration Welds

Thickness Weld Laser Weld No. of
Material (in.) jie Power (kW) Spced _(pm) Pieces Ref. Fig.

HY-130 Steel 1/b Butt 5.5 50 3 8

11'-180 Steel 1/16 Butt 5.5 16o 2 9

}rY-180 Steel 1/16 Lap 5.5 140 1 10

Ti-6A1-4V i/L Butt 5.5 50 2 11

Ti-6AI-)4V 1/8 Butt 5.5 100 2 12

51,r6 Al 1/8 Butt 5.5 100 2 13

Note: Titanium a2loy specimens were stress-relieved at !O000F for two hours in
vacuum; the other specimens were in the as-welded condition, All specLmens
were welded with argon shielding.
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Mg 11b02-6 FIG. 3

PLAN VIEW OF DEEP PENETRATION WELDING APPARATUS

FOCUSING MIRROR

SHIELD GAS

WORKPIECE

BEAM FOCAL POINT

MOTOR DRIVEN-//
TRAVERSE TABLE

0I
OUTPUIT BEAM i F3OM

LASER AMPLIFIER
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M911502 -6 FG

EFFECT OF SPEED ON WELD CHARACTERISTICS

5456 ALUMINUM ALLOY

5 kW

0.1 IN.

1803 pmm

140 ýpm

120 lpn-

6.0



M91 1502-6 FIG. 6
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M91 1502-6 M 0FIG. 8

BUTT WELD SAMPLE

WELD 04EAQ CHARACTERISTICS

5MM . • 2 . .. 5 8 . 1.

X-RAY CHARACTERISTICS
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Rig 11502-6 FIG. 9

BUTT WELD SAMPLE,

WELD BEAD CHARACTERISTICS

1 ;'*'i*'n. HY''I 8 1 80'
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M911502- 6  FIG. 10

L.LAP WEIC SAMPLE

WELD BEAD CHARACTER IST ICS

X-RAY CHARACTERISTICZS



M911502-6 FIG. 11

BUTT WELD SAMPLE

WELD BEAD CHARACTERISTICS

1/ -n Ti-&AI-j

v 3*~ 4 1ý .... , . 'T . 'T

X-RAY CHARACTERISTICS
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M91 1502-6 FIG. 12

BUTT WELD SAMPLE

WELD BEAD CHARACTERISTICS

MM 1 2 13 4 5 ' 17 I
X-RAY CHARACTERISTICS I
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BUTT WELD SAMPLE
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